INTRODUCTION
============

In 2015, approximately 900 widely felt *M* ≥ 3 earthquakes occurred in north-central Oklahoma ([@R1]). Before 2009, about one *M* ≥ 3 earthquake occurred in Oklahoma on average each year ([Fig. 1](#F1){ref-type="fig"}). It is now widely recognized that this almost 900-fold increase is related to widespread disposal of saltwater that is being coproduced with oil in the seismically active areas ([@R2]--[@R5]). Most of the oil wells in Oklahoma produce more water than oil. Because the produced water is too saline to be put to beneficial use, it is usually recycled back into the producing formation as part of water flooding operations. However, in the past few years, extremely large volumes of produced saltwater were injected into the highly permeable Arbuckle group ([Fig. 2](#F2){ref-type="fig"}). This formation is in hydraulic communication with faults in the crystalline basement, where natural geologic processes have accumulated stress on preexisting faults ([@R4]). The increase in pressure resulting from injection reduces the frictional resistance to sliding and can trigger the release of the accumulated stress in earthquakes. Although this basic physical mechanism is well understood ([@R6]--[@R8]), the evolving short-term earthquake hazard is difficult to forecast or manage ([@R9]).

![Tectonic and induced earthquakes (*M* ≥ 3) in Oklahoma (1979 to September 2016).\
The cumulative number of earthquakes is presented in linear (**A**) and logarithmic scales (**B**). The map shows the epicenters of the earthquakes in Oklahoma. In 2009, the cumulative number of earthquakes (*M* ≥ 3) (green line) starts to exceed the constant tectonic earthquake activity (black dashed line). All earthquakes that are inconsistent with a constant tectonic background rate are classified as induced earthquakes (gray shaded area).](1601542-F1){#F1}

![Saltwater disposal and earthquakes in Oklahoma.\
The background color shows the cumulative volume (m^3^) of saltwater injected into the Arbuckle formation between 2009 and December 2015 in different areas of Oklahoma. The saltwater injection volume has been calculated within a radius of 0.5° around a given location on the map and is plotted at the center of the areas (≈8000 km^2^). Historic earthquakes (1979--2008) are shown as black circles, and recent earthquakes (2009 to September 2016) are presented as gray circles. Areas affected by volume reductions mandated in February and March 2016 are shown as solid (WO) and dashed (CO) lines, respectively. Colored stars show the locations of recent *M* ≥ 4.5 earthquakes (see main text and table S1).](1601542-F2){#F2}

In response to the marked increase in seismicity since 2009, in February and March 2016, Oklahoma regulators called for a 40% reduction in the injection volume for 2016 compared to the volume injected in 2014 ([@R10], [@R11]). The directives affect two large areas in north-central Oklahoma ([Fig. 2](#F2){ref-type="fig"}). Operators were requested to complete the injection rate reduction by the end of May 2016. Here, we present a statistical model of injection-related seismicity in Oklahoma that links changes of saltwater injection rates to seismicity rates. As described below, the model is based on an approach developed to evaluate fluid injection--induced earthquakes at geothermal and hydrocarbon reservoirs that are usually associated with a single injection well ([@R12]--[@R16]). By adapting this model to hundreds of large-volume injection wells and thousands of injection-related earthquakes in Oklahoma, we first calibrate the model with the observed earthquakes and reported injection volumes in the areas covered by the directives and then go on to predict how induced seismicity in Oklahoma will respond to the mandated injection rate reduction.

RESULTS
=======

Relating earthquake rates to injection rates
--------------------------------------------

As shown in [Fig. 1](#F1){ref-type="fig"}, seismicity in north-central Oklahoma began to increase rapidly in 2009. For the purpose of this analysis, we classify all earthquakes that are not consistent with a constant tectonic background rate as induced earthquakes. The number of induced earthquakes increases almost exponentially, with about 2250 induced *M* ≥ 3 earthquakes recorded by the end of September 2016. The strain energy release of the past 8 years is the equivalent of more than 1900 years of naturally occurring energy. The total number of the induced earthquakes in Oklahoma is far above any other documented cases of induced seismicity ([@R17]). The volume of injected saltwater is correspondingly much larger than the injected fluid volumes for any other cases. The three largest earthquakes that have occurred to date are the *M* = 5.6 earthquake near Prague in November 2011, the *M* = 5.1 event in the Fairview earthquake sequence that occurred in February 2016, and the recent Pawnee *M* = 5.8 earthquake in September 2016. The Pawnee *M* = 5.8 event is the largest earthquake in instrumented history in Oklahoma. A *M* = 5.8 earthquake is only slightly below the maximum magnitude (*M*~max~ = 6) expected during 1900 years of tectonic background activity (see fig. S1).

Almost all recent *M* ≥ 3 earthquakes in Oklahoma have occurred where very large volumes of saltwater have been injected into the Arbuckle group (see [Fig. 2](#F2){ref-type="fig"}). The number of earthquakes outside the area of high-volume injection in north-central Oklahoma is generally consistent with the tectonic background activity. It suggests that the distance over which injected fluids have affected surrounding faults is limited to the size of the areas analyzed in [Fig. 2](#F2){ref-type="fig"} (≈50-km radius around a well). Although there are a number of recent earthquakes in south-central Oklahoma, the saltwater injection rate there has been appreciable (20 million m^3^ to 30 million m^3^ within areas of ≈8000 km^2^), albeit much less than the injection rates in north-central Oklahoma, which are as large as 200 million m^3^ within areas of ≈8000 km^2^.

We restrict our analysis to the two areas covered by the February and March directives ([@R10], [@R11]) as western (WO) and central (CO) Oklahoma ([Fig. 2](#F2){ref-type="fig"}). These regions have been defined by the Oklahoma Corporation Commission on the basis of the large number of earthquakes that occurred in the last few years. Each region covers approximately 13,000 km^2^. Combined, the two areas contain almost all recent earthquakes. [Figure 3](#F3){ref-type="fig"} presents the combined monthly saltwater injection and *M* ≥ 3 earthquake rates in WO and CO. The "spikes" of earthquake activity are usually associated with aftershocks of relatively large magnitudes, such as the Prague, Fairview, and Pawnee earthquakes. In the Supplementary Materials, we present earthquake and injection rates separately for WO and CO (figs. S2 and S3).

![Combined monthly Arbuckle saltwater injection and induced earthquake rate in CO and WO.\
Monthly Arbuckle saltwater injection (2000 to July 2016) (blue line) and earthquake rate (2009 to September 2016) (green line). Earthquake rate changes follow changes of the injection rate with a time delay of several months. Aftershock sequences are visible in the monthly earthquake rates for the largest magnitudes. The red dashed line shows the normalized pressure rate, which arrives delayed at a depth of 3 km below injection (the average depth of the earthquake hypocenters) (see the Supplementary Materials for more details).](1601542-F3){#F3}

The monthly volume of produced saltwater injected into the Arbuckle formation steadily increased from 2001 to 2009, followed by a phase of approximately constant injection through the end of 2011 (see [Fig. 3](#F3){ref-type="fig"}). Note that, before 2012, almost all saltwater was injected in CO (fig. S2). Monthly saltwater injection rates in WO did not exceed 1 million m^3^ before 2012 (fig. S3). However, in 2012, the rate of saltwater injection markedly increased in both areas because of large-scale production from several oil reservoirs with unusually high water/oil ratios ([@R4]). As oil prices began to markedly decline in late 2014, saltwater injection rates started to decrease significantly in early 2015.

It is important to note that [Fig. 3](#F3){ref-type="fig"} illustrates a lower threshold of monthly injection rates below which no *M* ≥ 3 earthquakes were triggered in the noted areas. Almost all earthquakes, with the exception of the Prague sequence in the southeastern corner of CO, occur after the saltwater disposal volume markedly increased throughout CO and WO in early 2012. As shown in [Fig. 3](#F3){ref-type="fig"}, there is a delay of several months between the increase of saltwater disposal volume and earthquake activity. This time delay makes physical sense and corresponds to the time the pressure increase takes to propagate from the injection wells in the Arbuckle group to the critically stressed faults in the crystalline basement ([@R4]). A time lag of several months between the injection of fluid and the occurrence of earthquakes is not unexpected. It has been observed in cases of earthquakes associated with reservoir impoundment that time lags of several years between impoundment of the reservoir and earthquake occurrence are common ([@R18]). The time lag observed in Oklahoma is controlled by factors such as the distance between injection intervals and preexisting faults in the crystalline basement, the permeability of the Arbuckle group and the crystalline basement, as well as the pressure increase needed for fault reactivation.

The red dashed line in [Fig. 3](#F3){ref-type="fig"} shows the normalized pressure rate 3 km below the injection interval \[corresponding to the average depth of the earthquake hypocenters ([@R19])\]. It has been computed according to three-dimensional diffusion and reported saltwater injection rates for all Arbuckle injection wells in CO and WO (see the Supplementary Materials for details). The shape of the pressure rate is similar to the injection but delayed by several months due to the time pressure takes to diffuse down from the injection wells.

In summary, we observe that seismicity markedly increases in 2013 throughout CO and WO, several months after the abrupt increase in saltwater disposal. At this point, we have made no attempt to remove aftershocks, or "decluster" the seismicity catalog ([@R20]), to avoid accidentally introducing any artifacts into the data. In the next section, we present a statistical model of injection-related seismicity in Oklahoma that links changes of saltwater injection rates to seismicity rates.

A seismic hazard model for Oklahoma based on saltwater injection rates
----------------------------------------------------------------------

The classical magnitude/frequency (Gutenberg-Richter) relation has been modified for fluid injection--induced earthquakes at hydrocarbon and geothermal reservoirs to relate the expected cumulative number *N*~≥*M*~(*t*) of earthquakes above magnitude *M* induced until the time *t* to the cumulative injected fluid volume *V*~I~(*t*) ([@R12])$$\text{log}_{10}\lbrack\mathit{N}_{\geq \mathit{M}}(\mathit{t})\rbrack = \mathit{a}(\mathit{t}) - \mathit{b}\mathit{M} = \text{log}_{10}\lbrack\mathit{V}_{I}(\mathit{t})\rbrack + \Sigma - \mathit{b}\mathit{M}$$

In this equation, *a* and *b* are the *a* and *b* values of the Gutenberg-Richter law ([@R21]), and Σ is termed the seismogenic index (SI). Fundamentally, the SI incorporates the volume concentration of preexisting faults and the state of stress (termed the seismotectonic state) ([@R14]). In contrast to the Gutenberg-Richter relation associated with natural earthquake sequences, [Eq. 1](#E1){ref-type="disp-formula"} does not assume stationarity of the *a* value (as typically used in probabilistic hazard analysis) but relates changes of earthquake activity in time to changes of the fluid injection rate in the crustal volume affected by the injection: *a*(*t*) = log~10~\[*V*~I~(*t*)\] + Σ. In agreement with the conceptual model of other studies analyzing induced seismicity in Oklahoma ([@R2]--[@R5]), [Eq. 1](#E1){ref-type="disp-formula"} has been derived from the understanding that induced seismicity is triggered by pore pressure diffusion in the pore and fracture space of rocks from the injection wells to preexisting faults near failure.

[Equation 1](#E1){ref-type="disp-formula"} states that both the injected fluid volume and the seismotectonic state of the affected region determine the seismogenic response to the fluid injection rate. Whereas temporal changes of seismicity are described by changes of the injection volume, the SI quantifies the number of earthquakes induced by injection for a unit volume of fluid. It has been shown that Σ is constant over time at single injection sites but varies from one region to another ([@R12], [@R15], [@R16]). The SI can be computed from observations of injection volume and seismicity. This means that, once calibrated for a region, the SI can be used to forecast the number of future earthquakes induced by future fluid injection volumes. The approach defined above has been applied to single injection wells. Here, we are extending its application to earthquakes occurring in a broad region in response to widely distributed injection.

Calibrating the model
---------------------

On the basis of the relationship between seismicity and injection rates shown in [Fig. 3](#F3){ref-type="fig"}, we introduce a triggering threshold of the injection rate and a time delay between injection and earthquake occurrence in the SI model and determine the best-fitting parameters by applying a least-squares fit between the model and the cumulative number of earthquakes (*M* ≥ 3) (more details are included in Methods). We vary the temporal endpoint of the calibration phase between June 2014 and December 2015 to analyze the influence of the time scale used for calibration and the predictive capability. The models are separately calibrated in CO and WO. The seismicity rates resulting from the different calibration time scales are presented in [Fig. 4](#F4){ref-type="fig"} for the combined area of CO and WO (see figs. S4 and S5 for rates specific to WO and CO individually and parameters of the calibrated SI models).

![Observation and prediction of induced seismicity in CO and WO.\
Solid colored lines show the combined monthly number of observed earthquakes (green, *M* ≥ 3; red, *M* ≥ 3.5) in CO and WO (aftershocks of *M* ≥ 4.7 events have been removed). The gray dashed lines present the complete earthquake catalog. The colored dotted lines present SI models calibrated through different times between June 2014 and December 2015. Separate figures for CO and WO and the parameter of the SI models are included in the Supplementary Materials (see figs. S4 and S5). The black solid line shows a decay of *M* ≥ 3 earthquakes according to Omori's law (see the Supplementary Materials).](1601542-F4){#F4}

We find that, after a sufficiently large number of earthquakes are included in the calibration phase to determine *b* values, the parameters of the calibrated models are relatively stable. Calibration of the model through December 2015 results in an SI of Σ = −0.47 in CO and Σ = −0.63 in WO. The value of the SI in Oklahoma is in the range of the SI reconstructed from fluid injection--induced seismicity at enhanced geothermal systems in the crystalline basement (1 ≥ Σ ≥ −3) ([@R15]). The maximum likelihood estimate of the *b* values results in a *b* value of 1.41 in CO and 1.33 in WO. As reported for induced seismicity at enhanced geothermal systems ([@R15]) and hydrocarbon reservoirs ([@R16]), *b* values of induced seismicity tend to be larger than the *b* value of about 1, which is widely observed for natural earthquakes. In agreement, we find that the *b* value of the tectonic earthquake activity in all of Oklahoma before 2009 is 1.09.

The sporadic occurrence of induced earthquakes starts in CO in 2009 after the monthly injected volume in this area exceeded the seismicity-triggering threshold determined by the model calibration (3.6 × 10^6^ m^3^ per month). With the exception of the mainshock/aftershock sequences related to the *M* = 5.6 earthquake in November 2011 near Prague, the earthquake rate remains low until 2013. Moreover, no *M* ≥ 3 earthquakes occurred in WO until 2013 when the saltwater injection rates exceeded the triggering threshold in WO (5.6 × 10^6^ m^3^ per month). Fundamentally, the triggering threshold represents the rate of injection (throughout a region of interest) that can be accommodated by the hydrologic system with minimal, or only localized, pressure changes.

Note that we removed the aftershocks of the Prague *M* = 5.6 earthquake for model calibration, because they increased fluctuations of the model parameter obtained for different calibration times. Because the Prague sequence does not fit our overall model, it does not allow us to conclude whether it was triggered by injection or not, as our model characterizes the general relationship between an injected volume and seismicity in a crustal volume as a whole. A localized pressure increase in a limited area could always trigger seismicity on a given fault. In the three 5000-km^2^ seismically active areas in north-central Oklahoma analyzed by Walsh and Zoback ([@R4]), it was clear that there was very little induced seismicity until injection rates exceeded approximately 1.2 × 10^6^ m^3^ per month. Note that CO and WO are each about three times the size as the areas analyzed by Walsh and Zoback ([@R4]). Although CO and WO cover similar areas, further analysis is needed to clarify which parameters influence the triggering threshold in different regions. Similarly, different time delays between the injection of fluid and earthquake occurrence were found in CO and WO. A delay of 5 months was found for CO and 2 months for WO. Because the time lag results from the time pressure increases take to reach faults stressed nearly to failure in the crystalline basement, differences of hydraulic transport properties and the distance between injection intervals and preexisting fractures can result in variations of the time lag in different regions.

The most significant change in the 2013 seismic activity rate is caused by the marked increase of saltwater injection rates throughout CO and WO starting mid-2012. During the period of nondecreasing injection rates, seismicity rates in CO and WO increase proportionally to the saltwater injection rates above the triggering threshold.

Predicting the response of seismicity to decreasing injection rates
-------------------------------------------------------------------

In [Fig. 3](#F3){ref-type="fig"}, we show the 2016 mandated injection rate (60% of 2014 volumes). Although the mandated injection rate after May 2016 remains almost twice as high as it was in 2009 when the induced earthquake sequence started, it is now distributed over an area twice as large as it was in 2009. Thus, by mandating a 40% reduction in injection rates for both the CO and WO areas relative to 2014 levels, the average injection volume per unit area in the two combined areas is similar to that in 2009. One can see that the actual saltwater injection rates decrease to a value slightly below the mandated injection rate level after May 2016.

Taking into account the observed proportionality of earthquake rates and saltwater disposal rates above the triggering threshold, [Eq. 1](#E1){ref-type="disp-formula"} suggests that, after the saltwater injection rates began to decrease in 2015, the earthquake rates should start to decrease within several months. As seen in [Fig. 3](#F3){ref-type="fig"}, the highest earthquake rates to date are observed several months after peak saltwater injection rates have been reached. After February 2016, the earthquake activity markedly decreased, and in May 2016, the combined earthquake rate in CO and WO is as low as in early 2014.

[Figure 4](#F4){ref-type="fig"} compares CO and WO earthquake rates with the predictions of our SI models calibrated through different times between June 2014 and December 2015. The seismicity rates resulting from the models are predictions for times greater than the calibration time. Despite the different time scales used for calibration, the seismicity rates resulting from all models are comparable. All models fit the seismicity rates generally well through the end of 2015 when injection rates start to decrease significantly. Even after removing the aftershocks of the Cherokee and Fairview sequences our models (dotted lines) tend to slightly underestimate the actual number of earthquakes.

To describe the decay of seismicity after injection rates significantly decreased, we follow Langenbruch and Shapiro ([@R13]) and use a modification of Omori's law, describing the decay of aftershock sequences of large tectonic earthquakes (for more details, see the Supplementary Materials). Whereas the pressure close to an injection well starts to decrease immediately after the injection rate has been decreased, pressure at larger distances can still be increasing and could trigger slip on critically stressed preexisting faults. Consequently, the seismicity rate is no longer proportional to the injection rate after injection rates start to decrease significantly. At enhanced geothermal systems and hydrocarbon reservoirs, a significant number of earthquakes have been observed even after complete shut-in of injection wells.

The modification of Omori's law is used to describe the decay of the seismicity after the injection rate starts to decrease significantly (and falls below the triggering threshold), as shown in [Fig. 4](#F4){ref-type="fig"}. Taking into account the fact that saltwater has been injected above the triggering threshold for years, Omori's law suggests that it will take several years to return to the background level of seismicity. Moreover, aftershock sequences associated with the Fairview, Cherokee, and Pawnee earthquakes delay the overall decrease in the number of induced earthquakes in those areas. After the aftershocks of all *M* ≥ 4.7 earthquakes were removed, the decay of the combined earthquake rate in CO and WO agrees with Omori's law presented in [Fig. 4](#F4){ref-type="fig"}.

Magnitude exceedance probability
--------------------------------

Although most of the recent Oklahoma earthquakes of the past 8 years have posed little danger to the public, the possibility of damaging earthquakes on potentially active basement faults cannot be discounted ([@R9]). Of particular concern, are earthquakes associated with sufficiently long faults capable of producing earthquakes large enough to cause significant ground shaking (*M* ≥ 5), as occurred in the Prague, Fairview, and Pawnee areas. This is especially true in areas with critical industrial facilities such as the Cushing oil terminal ([@R19]). Here, we show how our model can be used to predict occurrence probabilities of potentially damaging earthquakes.

Because large magnitudes are rare events, it is important to analyze their possible occurrence in a probabilistic sense. Observations of injection-induced earthquakes at geothermal and hydrocarbon reservoirs suggest that, in agreement with natural earthquakes, a Poisson process can be used to describe the occurrence of induced seismicity ([@R14], [@R16]). Because tectonic background activity is driven by constant tectonic loading, a Poisson process describes the occurrence times of natural earthquakes that are homogeneous in time. Fluid injection--induced earthquakes are driven by the time-dependent fluid injection rate (above the triggering threshold), and the Poisson process has to be considered in the injection volume domain ([@R14], [@R16]). For instance, to compute annual occurrence probabilities of induced earthquakes, we have to consider not only the time of 1 year but also the volume of fluid injected within the year. The annual probability *P*~E~(*M*) to exceed magnitude *M*, that is, the probability to observe one or more earthquakes above magnitude *M* within 1 year, can be computed on the basis of annual injected saltwater volume *V*~Ia~ above the determined seismicity-triggering threshold, the SI, and the *b* value ([@R12])$$\mathit{P}_{E}(\mathit{M}) = 1 - \mathit{P}(0,\mathit{M},\mathit{V}_{\text{Ia}}) = 1 - ~\text{exp}( - \mathit{V}_{\text{Ia}}10^{\Sigma - \mathit{b}\mathit{M}})$$

The above relation corresponds to the probability of one minus the probability that no earthquake above magnitude *M* occurs during injection of the fluid volume *V*~Ia~. [Equation 2](#E2){ref-type="disp-formula"} states that the probability of exceeding potentially damaging magnitudes increases with the volume of injected fluid. Because the seismicity rates in Oklahoma are proportional to the fluid injection rate above the observed triggering threshold, higher saltwater injection volumes cause more earthquakes. Consequently, because earthquakes follow a Gutenberg-Richter relationship, higher injection volumes cause larger magnitudes.

[Figure 5A](#F5){ref-type="fig"} presents combined annual probabilities to exceed magnitude *M* in CO and WO (see figs. S6 and S7 for CO and WO only). Probabilities have been computed according to [Eq. 2](#E2){ref-type="disp-formula"}, and parameters were determined by model calibration until December 2015. Because of the stability of SI models calibrated over different time scales, during the period of nondecreasing injection rate, the probabilities shown in [Fig. 5](#F5){ref-type="fig"} could have been estimated in early 2014 (see fig. S8). The tectonic earthquake activity between 1979 and 2009 in Oklahoma is characterized by a nontrivial annual probability of exceeding widely felt magnitudes. For instance, there is an annual likelihood of 28% of exceeding *M* = 3.5. However, the annual probability to exceed potentially damaging magnitudes (*M* ≥ 5) is extremely low (0.73%). To compute the magnitude exceedance probability for the tectonic background activity, the expression *V*~Ia~10^Σ−*bM*^ in [Eq. 2](#E2){ref-type="disp-formula"} (that is, the annually expected number of earthquakes above magnitude *M*) can be replaced by the average annual number of earthquakes observed between 1979 and 2009 in all of Oklahoma (1.16 earthquakes of magnitude 3 and larger and 1.16 10^−*b*(*M*−3)^ earthquakes of magnitude *M* and larger) (see also [Fig. 1](#F1){ref-type="fig"}). We used the *b* value of 1.09 determined for the tectonic background seismicity in all of Oklahoma between 1979 and 2009 to compute tectonic occurrence probabilities.

![Annual magnitude exceedance probability and maximum magnitude in CO and WO.\
The figure shows combined annual probabilities of exceeding magnitude *M* (**A**) and the maximum magnitude (**B**) in the combined area of CO and WO. Magnitude exceedance probabilities have been computed according to [Eq. 2](#E2){ref-type="disp-formula"} as well as assuming the applicability of Omori's law to describe the decay of seismicity following injection. The probability of potentially damaging earthquakes is enhanced compared to the tectonic background and critically high in 2014 to 2016.](1601542-F5){#F5}

[Figure 5A](#F5){ref-type="fig"} shows that, after the injection rate exceeded the seismicity-triggering threshold and the induced earthquake sequence started in 2009, the annual exceedance probability of potentially damaging magnitudes is significantly enhanced. The time lags between injection of fluid and earthquake occurrence for 5 months in CO and 2 months in WO are considered in the computations as well as assuming the applicability of Omori's law to describe the decay of seismicity following injection. Between 2009 and 2013, the annual probability of exceeding *M* = 5 increased to 3.8%. Note that this probability corresponds to a 5.5-fold increase compared to the background level in all of Oklahoma. The probability of *M* ≥ 5 earthquakes increased further to 65% in 2014 after the injection rates throughout CO and WO markedly increased.

Our model predicts the highest probability of potentially damaging earthquakes in 2015. Six of the 10 *M* ≥ 4.5 earthquakes observed to date occured in 2015 and 2016, where our model predicts a high probability of potentially damaging earthquakes. During peak injection rates in 2015, annual exceedance probabilities of *M* = 5 are as high as 80%. This means that, without the reduction of saltwater injection rates in 2015 and 2016, there would likely have been an 80% chance to exceed *M* = 5 every year. Compared to the natural tectonic activity in all of Oklahoma the combined injection rates in CO and WO caused a 110-fold increase in the probability of potentially damaging earthquakes.

However, because of economic factors and mandated volume reductions, the injection rates throughout CO and WO significantly decreased in 2015 and continued to decrease in 2016. Our model predicts that the probability of potentially damaging earthquakes will significantly reduce after the injection rates start to decrease. Nevertheless, there is still a 58% probability of exceeding an *M* = 5 (7% to exceed *M* = 5.8) quake where the *M* = 5.8 Pawnee earthquake occurred in 2016. Considering the decay according to Omori's law, the probability of potentially damaging earthquakes should approach the tectonic background probability during the next few years. However, in 2017, there is still a 37% chance to exceed *M* = 5. We note that the assumption of the decay according to Omori's law and a *p* value of 2 represents a conservative decay rate. The decay of seismicity observed after injection at enhanced geothermal systems is usually characterized by larger *p* values. The results in [Fig. 5](#F5){ref-type="fig"} can be updated during the next year or two if the seismicity decays faster than assumed.

We observe that decreasing the injection rates in only WO or CO would not have been sufficient to mitigate the occurrence of larger magnitudes because, in 2015, the exceedance probabilities of *M* = 5 in both CO (50%) and WO (58%) are critically high (see figs. S6 and S7). The results show that our model has the potential to assess how injection rates have to be managed to reduce the occurrence probability of potentially damaging injection-induced earthquakes in an area of interest to an acceptable level.

We introduce the probability of a given magnitude to be the annual maximum magnitude as another useful indicator of the induced seismic hazard. The probability distribution of the maximum magnitude can be determined by taking the magnitude derivative of the annual magnitude exceedance probability shown in [Fig. 5A](#F5){ref-type="fig"}. The probability distribution of the annual maximum magnitude for the tectonic earthquake activity between 1979 and 2009 and its increase caused by the high rates of saltwater injection during the recent years are presented in [Fig. 5B](#F5){ref-type="fig"}. The maximum of the probability distribution shifts from *M* = 3.1 for the natural earthquake rate between 1979 and 2009 to its highest level of *M* = 5.1 in 2015. Without reduction of the saltwater injection rates in 2015 and 2016, a maximum magnitude of *M* ≈ 5.1 would have been expected each year. Note that the energy radiated from an earthquake as seismic waves scales logarithmically with the magnitude ([@R21]). An increase of two magnitude units corresponds to a 1000-fold increase of the energy released by the expected maximum magnitude. The induced seismic hazard rapidly changes within time periods of only 1 year if injection rates increase or decrease. Our model predicts that, because of the saltwater injection rate decrease in 2015 and 2016, the maximum magnitude should approach the tectonic background level in a few years. However, assuming a decay according to Omori's law, the maximum magnitude in 2017 is still expected to be about *M* = 4.8.

DISCUSSION
==========

Our study presents an important step toward the development of a predictive seismic hazard model for induced and triggered seismicity in Oklahoma. The current assumption in hazard models, such as the U.S. Geological Survey 1-year hazard map for induced and triggered seismicity ([@R9]), is that earthquake rates within 1 year remain relatively stationary and can be used to forecast earthquake hazard and damage intensity for the next year. Overall, we observe that the induced seismic hazard in Oklahoma rapidly changes within time periods of less than 1 year if injection rates increase or decrease. We propose to incorporate the SI in a seismic hazard model in the central and eastern United States to allow forecasting of the evolving short-term hazard by considering future saltwater injection rates.

Ideally, to be able to incorporate the SI into seismic hazard models, not only the temporal, but also the spatial occurrence of induced earthquakes have to be predictable. However, the spatial scale which we applied our model to was predefined by the two broad areas for the volume reduction mandated by the Oklahoma Corporation Commission. Thus, the determined model parameter corresponds to the bulk properties in all of CO and WO. Our model averages over all the heterogeneity within the two analyzed regions. It will be interesting to analyze how the SI, the triggering threshold, and the time delay between injection and earthquake occurrence fluctuate in different subregions of Oklahoma and other regions of the central and eastern United States. The main physical causes of these fluctuations should be variations of the volume concentration of preexisting fractures and the state of stress. A map of the SI might provide insights into the fluctuation of these physical properties, which are unknown in the crystalline basement, where most of the induced earthquakes occur in Oklahoma. This will help in understanding why certain regions are prone to induced seismicity, whereas injection of the same fluid volume in other regions can be accomplished completely aseismic.

A requirement for the application of the SI model is a complete earthquake catalog and a sufficient number of earthquakes above the completeness magnitude to determine reliable *b* values. The calibration of our models shows that at least 150 events above the completeness magnitude have to be included in the calibration phase to estimate the model parameter. However, the application of the SI model is not restricted to magnitudes greater than *M* = 3 as used in this study. In the ideal case, the earthquake catalog is complete down to smaller magnitudes that, according to the Gutenberg-Richter law, should occur in a sufficiently large number to calibrate model parameters before the occurrence of widely felt magnitudes. On the basis of the calibrated model, injection rates could potentially be limited to a level above which the occurrence probabilities of larger magnitudes exceed an acceptable limit.

Sensitive seismic monitoring and efficient earthquake detection algorithms using waveform similarity can be useful to refine earthquake catalogs in different parts of the central and eastern United States ([@R22]). This will help in applying the SI model in regions where the number of earthquakes above the completeness magnitude is currently not large enough to reliably calibrate the SI model. We note that our model has the potential to be updated in near real time after injection volumes are reported and earthquakes are recorded. Moreover, although earthquake size is formulated in terms of magnitudes in the SI model, it could be expressed in terms of seismic moments by considering the scaling relations given by Kanamori and Anderson ([@R23]).

In general, it has been observed that fluid injections into hydrocarbon reservoirs in shallow sedimentary formations are characterized by a lower SI (−3 ≥ Σ ≥ −10) than injections at enhanced geothermal systems in the crystalline basement (1 ≥ Σ ≥ −3) ([@R15], [@R16]). By increasing the distance between injection intervals and the top of the crystalline basement, it might be feasible to inject higher fluid volumes without inducing widely felt earthquakes. High-rate fluid injection close to or into the crystalline basement, where tectonic processes can accumulate high energy on long preexisting faults, should be avoided.

The main purpose of this paper was to clarify whether the mandated injection reductions are expected to cause seismicity to decrease in the future. We did not intend to present a final and reliable seismic hazard model for Oklahoma. The number of earthquakes outside the area of high-volume injection in north-central Oklahoma does not exceed the tectonic background activity. Moreover, we find a lower threshold of the injection rate in CO and WO below which no induced earthquakes (*M* ≥ 3) occur. Thus, it should be possible to dispose a limited volume of produced saltwater into the Arbuckle formation aseismic. On the basis of our results, the mandated saltwater injection rate reduction in 2016 was an effective step in mitigating the seismic hazard associated with the occurrence of triggered and induced earthquakes in Oklahoma because injection rates in both CO and WO drop below the observed triggering thresholds. Consequently, widely felt *M* ≥ 3 earthquakes in the affected areas, as well as the probability of potentially damaging events, should significantly decrease by the end of 2016 and return to tectonic levels within the next few years.

We observe that relatively large magnitudes occur shortly after the injection rate started to decrease. Aftershock sequences related to these earthquakes appear to delay the decay of the number of induced earthquakes. It has been observed that, during hydraulic stimulation of enhanced geothermal systems in the crystalline basement, the largest magnitudes tend to occur shortly after injection has been terminated ([@R24]). Geometric ([@R25]), pore pressure ([@R26]), and poroelastic ([@R27]) effects have been considered to explain these observations. Similar processes might be responsible for the increasing earthquake rates observed in Oklahoma several months after the injection rates start to decrease, which cannot be explained by our model. However, our model could have been used as early as 2014 when critically high exceedance probabilities would have been predicted based on the injection rates in the following years (fig. S8). For example, the *M* = 5.1 Fairview earthquake in February 2016, the two *M* = 4.7 earthquakes in the Cherokee area in November 2015, and the *M* = 4.5 Crescent earthquake in July 2015 are within the high probability range of the maximum magnitude predicted by our model (see [Fig. 5B](#F5){ref-type="fig"}) and can be attributed to the injection of saltwater. In contrast, the *M* = 5.6 earthquake near Prague in November 2011 occurred unexpectedly early in the induced earthquake sequence. On the basis of our model, it remains unclear whether this earthquake was caused by injection of saltwater or whether it would also have been released without anthropogenic influence. The *M* = 5.8 Pawnee earthquake appears to have a higher magnitude than predicted by our model, because the annual maximum magnitude in 2016 is expected to be around *M* = 5. However, the cumulative probability of exceeding *M* = 5.8 by injection of the saltwater volume between 2009 and September 2016 is 25% (see fig. S9).

Our model predicts that earthquakes in Oklahoma will return to tectonic background levels. However, the occurrence of potentially damaging earthquakes cannot be ruled out during the next few years. A decay of the induced earthquake sequence according to Omori's law (*p* = 2) results in a 37% chance to exceed *M* = 5 in 2017. Moreover, the *M* = 5.6 Prague earthquake occurred when the saltwater injection rates in CO were as low as the mandated injection rates after May 2016. Locally, seismicity could be triggered below the triggering threshold determined for CO and WO, because the latter is a parameter determined by the SI model to represent the bulk property of a large area. Consequently, earthquakes could persist in some areas irrespective of the overall rate of injection. Additional localized saltwater injection rate reductions might be required to mitigate the residual risk in these areas. Increased injection of saltwater should be prevented in all the areas in Oklahoma that have experienced increased seismicity in the past few years.

METHODS
=======

Modification and calibration of the SI model
--------------------------------------------

Two major differences between injection-induced seismicity at geothermal and hydrocarbon reservoirs and induced seismicity in Oklahoma require changes of the SI concept ([@R12]) to make it applicable to the seismicity in Oklahoma. Induced seismicity at geothermal and hydrocarbon reservoirs usually occurs in the direct vicinity of the injection well. Little or no time lag between injection of fluid and earthquake occurrence is observed. However, induced earthquakes in Oklahoma occur at distances of several kilometers from the injection intervals of the saltwater disposal wells in the Arbuckle formation. It requires the consideration of a time lag between injection of fluid and earthquake occurrence, which corresponds to the specific time the pressure increase needs to propagate from injection intervals in the Arbuckle group to the critically stressed fractures in the crystalline basement. We analyzed injection and seismicity in two large areas, where the hydrologic system seems to be able to accommodate a certain rate of injection with minimal or only localized pressure changes. It requires the introduction of a seismicity-triggering threshold represented by a monthly injection rate because the injection of saltwater below this rate is not triggering any earthquakes.

The equation we used to calibrate the model based on the observed earthquakes and reported injection volumes is$$\text{log}_{10}\lbrack\mathit{N}_{\geq \mathit{M}}(\mathit{t})\rbrack = \mathit{a}(\mathit{t}) - \mathit{b}\mathit{M} = \text{log}_{10}\lbrack\mathit{V}_{\text{seis}}(\mathit{t} - \mathit{t}_{s})\rbrack + \Sigma - \mathit{b}\mathit{M}$$

In the above equation, *V*~seis~(*t* − *t*~s~) corresponds to the cumulative saltwater volume injected until the time *t* − *t*~s~ above the seismicity-triggering threshold *V*~min~ of the monthly injection rate. *t*~s~ represents the time lag between injection of fluid and earthquake occurrences. ∑, *V*~min~, and *t*~s~ are calibration parameters of the model and are determined by minimizing the residuals resulting from a least-squares fit between the cumulative number of observed earthquakes (*M* ≥ 3) and [Eq. 3](#E3){ref-type="disp-formula"}. The *b* values in CO and WO were determined by a maximum likelihood fit.
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Supplementary Methods

fig. S1. Maximum magnitude expected during 1900 years of tectonic earthquake activity in Oklahoma.

fig. S2. Saltwater injection and earthquake rate in CO.

fig. S3. Saltwater injection and earthquake rate in WO.

fig. S4. Observation and prediction of induced seismicity in CO.

fig. S5. Observation and prediction of induced seismicity in WO.

fig. S6. Annual magnitude exceedance probability and maximum magnitude in CO.

fig. S7. Annual magnitude exceedance probability and maximum magnitude in WO.

fig. S8. Annual magnitude exceedance probability and maximum magnitude.

fig. S9. Cumulative magnitude exceedance probability and maximum magnitude in CO and WO (2009 to September 2016).

table S1. Recent magnitude 4.5 and larger earthquakes in Oklahoma.
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